Abstract: Heritability is well documented for psychiatric disorders and cognitive abilities which are, however, complex, involving both genetic and environmental factors. Hence, it remains challenging to discover which and how genetic variations contribute to such complex traits. In this article, they propose to use mediation analysis to bridge this gap, where neuroimaging phenotypes were utilized as intermediate variables. The Philadelphia Neurodevelopmental Cohort was investigated using genomewide association studies (GWAS) and mediation analyses. Specifically, 951 participants were included with age ranging from 8 to 21 years. Two hundred and four neuroimaging measures were extracted from structural magnetic resonance imaging scans. GWAS were conducted for each measure to evaluate the SNP-based heritability. Furthermore, mediation analyses were employed to understand the mechanisms in which genetic variants have influence on pathological behaviors implicitly through neuroimaging phenotypes, and identified SNPs that would not be detected otherwise. Our analyses found that rs10494561, located in the intron region within NMNAT2, was associated with the severity of the prodromal symptoms of psychosis implicitly, mediated through the volume of the left hemisphere of the superior frontal region (P52:38310 28 ). The gene NMNAT2 is known to be associated with brainstem degeneration, and produce cytoplasmic enzyme which is mainly expressed in the brain. Another SNP rs2285351 was found in the intron region of gene IFT122 which may be potentially associated with human spatial orientation ability through the area of the left hemisphere of the isthmuscingulate region (P53:70310 28 ). Hum Brain Mapp 38:4088-4097, 2017.
INTRODUCTION
With the advent of modern biomedical techniques, the investigation on brain functions has been greatly facilitated. Existing works have characterized the genetic influence on many complex psychiatric disorders, such as schizophrenia Weinberger et al., 2001] , autism [Belmonte et al., 2004] , addictions [Goldman et al., 2005] and depression [Pezawas et al., 2005] , and diverse cognitive abilities [Davies et al., 2011; Plomin et al., 2013] .
However, the mechanisms regarding how genetic variations cause such psychiatric or cognitive phenotypes are not yet well understood. On one hand, such phenotypes are usually self-reported and are hence subjective to a certain extent, potentially weakening the genetic effect. On the other hand, genes do not explicitly encode pathological behaviors [Meyer-Lindenberg and Weinberger, 2006] , for example, delusion or agitation. That is, directly associating genetic variants with pathological behaviors might lead to inaccurate or even incorrect results. Therefore, effective tools that can bridge the gap between genetic variations and behavioral phenotypes are urgently needed.
Imaging genetics, a transdisciplinary and thriving field which maps brain structures and functions to genetic variants [Bertram et al., 2007; Glahn et al., 2007; Potkin et al., 2009] , has attracted a great deal of attention recently. Instead of directly measuring the association between behavioral phenotypes and genetic variations, imaging genetics seeks to utilize brain functions and neural activities as intermediate phenotypes. Such intermediate phenotypes are systematically measured, and hence their relation with genetic effects, if exist, could be more reliable. Furthermore, the influence of brain activities on psychiatric or cognitive behaviors is more interpretable and straightforward. Thus, investigation of psychiatric disorders and cognitive abilities could be greatly facilitated through incorporating neuroimaging information.
In this article, we apply imaging genetics techniques to discover the implicit mechanisms that the genetic architecture may have on psychiatric and cognitive phenotypes. Specifically, we investigated the Philadelphia Neurodevelopmental Cohort (PNC). Strict quality-control criteria were imposed to guarantee the quality of included samples. We applied a two-step procedure to identify genetic mechanisms. First, GWAS of each neuroimaging measure were conducted to identify genome-wide significant single nucleotide polymorphisms (SNPs). Furthermore, for each neuroimaging measure associated with significant SNPs, we used mediation analyses to identify psychiatric and cognitive phenotypes. Thus, complete yet complex mechanisms from genetic variants to phenotypes, mediated through intermediate brain phenotypes, were identified.
The proposed method brings two advantages. First, mediation analysis utilizes additional information from intermediate neuroimaging measures, which leads to more accurate results and is able to detect genetic signals that are otherwise neglected. This is illustrated in the PNC data analysis where direct association studies between phenotypes and genetic variants cannot discover mechanisms that were constructed through the mediation analysis. Second, since genes do not encode behaviors that are resulted from psychiatric disorders or cognitive abilities, mediation analysis is able to detect more complicated mechanisms where genetic variations may have influence on psychiatric or cognitive traits implicitly through intermediate phenotypes including the neuroimaging measures. These advantages make mediation analysis a promising tool for imaging genetics, and for the discovery of hidden mechanisms in more general biological fields.
SAMPLES AND METHODS

The Philadelphia Neurodevelopmental Cohort
The Philadelphia Neurodevelopmental Cohort (PNC) is a population-based sample collected from over 9,500 children and adolescents aged 8-21 years. The participants were from the greater Philadelphia area who received medical care at the Children's Hospital of Philadelphia network. The medical conditions of the participants varied, ranging from general health checkup to potentially lifethreatening health problems. During their clinical visit, the participants were genotyped upon consent with one of the six platforms including Affymetrix Affy60 and Axiom, and Illumina HumanHap550 (v1, v3), Human610-Quad (v1), and HumanOmniExpress. Participants were assessed neuropsychiatrically through a structured interview, and a computerized neurocognitive battery was conducted to assess participants' cognitive abilities. Furthermore, participants were selected at random after population stratification, and were included if they satisfied the following inclusion criteria: informed consent, English language proficiency, and physical and cognitive abilities to participate in a clinical interview and neurocognitive tests. A subset of 1,445 participants also had neuroimaging scans including functional magnetic resonance imaging (MRI), structural MRI and diffusion tensor imaging (DTI). The PNC data were sourced from the Philadelphia Neurodevelopmental Cohort, a research initiative hosted by the Brain Behavior Laboratory at the University of Pennsylvania and the Center for Applied Genomics at the Children's Hospital of Philadelphia. See Gur et al. [2010 Gur et al. [ , 2012 and https:// www.med.upenn.edu/bbl/philadelphianeurodevelopmentalcohort.html for more details about the PNC dataset.
Psychiatric and Cognitive Phenotypes
A total of 905 clinical and neurocognitive variables were collected from 8,719 participants who participated in the clinical assessment and the computerized neurocognitive battery. In the clinical assessments, participants and their parents were interviewed to obtain demographic r Mediation Analysis of Imaging Endo-Phenotypes r r 4089 r information, medical history, as well as screener for psychopathology. The screener is based on several psychiatric disorders, including anxiety disorder, attention deficit hyperactivity disorder, conduct disorder, eating disorder, mood disorder, oppositional defiant disorder, posttraumatic stress disorder and psychosis. Meanwhile, the neurocognitive battery comprises of 14 tests assessing executive-control (abstraction and mental flexibility, attention, and working memory), episodic memory (word memory, face memory, and spatial memory), complex cognition (language and analogical reasoning, nonverbal reasoning, and spatial processing), social cognition (emotion identification, emotion differentiation, and age differentiation), and sensorimotor speed (sensorimotor processing speed, and motor). Both accuracy and speed were measured except for the two tests regarding sensorimotor speed. In addition, a Wide Range Achievement Test [WRAT4; Wilkinson and Robertson, 2006] was conducted to estimate participants' IQ. When cleaning the data, we removed variables that were irrelevant to psychiatric or cognitive assessment, or had a more than 10% missing rate. In addition, we merged scores that measured the same psychiatric disorder, resulting in a total of 104 traits.
Intermediate Neuroimaging Phenotypes
A subsample of 1,445 participants attended the multimodal neuroimaging. The neuroimage results from 986 out of these 1,445 participants were further analyzed and converted into intermediate neuroimaging phenotypes through Freesurfer via the DK automated labeling system [Desikan et al., 2006] . That is, for each of the 986 participants, we acquired the total area, average thickness and total volume from the left and right hemispheres of 34 cortical and subcortical regions of interest. This resulted in a total of 204 neuroimaging measures for each participant. No missing data were observed. However, measures larger than four standard deviations from the mean were considered as outliers and removed.
Genotype Data
We investigated 513,519 SNPs which were available from 6,277 participants genotyped by using three Illumina arrays: HumanHap550 (v1, v3) and Human610-Quad (v1). Among these SNPs, 301,462 were also available from additional 1,657 participants who were genotyped using the Illumina array HumanOmniExpress and were also included in our study. 68,314 SNPs were removed due to poor genotype call rate (<95%), low minor allele frequency (<5%) or disrupted Hardy-Weinberg equilibrium (P < 1310 24 ), and a total of 445,205 SNPs from four arrays were considered in the following statistical analysis. Missing genotypes of the remaining SNPs were imputed according to the minor allele frequency reported by the 1000 Genome Project (phase 3) [1000 Genomes Project Consortium, 2015 .
Sample Inclusion Criteria
Within the PNC data, a sample of 951 participants participated in: (1) clinical assessment and computerized neurocognitive battery, (2) genotyping, and (3) neuroimaging scans. Identity by descent was estimated in this sample to detect excess relatedness, for example, siblings and cousins. The younger of any pair of participants with relatedness greater than 0.2 was removed. Furthermore, a principal component analysis of the quality-controlled genotype data was conducted to help determine participants' European genetic ancestry (see Fig. S1 in the Supporting Information material). Here population stratification was observed, possibly due to systematic ancestry differences such as physical separation between subpopulations and genetic drift of allele frequencies [Price et al., 2006] . Subsequently, we removed participants whose scores on the first two principal components were above the upper 1% quantiles of the self-identified European descents. Finally, a sample of 452 participants with European genetic ancestry was selected for statistical analysis. Similarly, we identified 399 participants as having African genetic ancestry for their scores on the first principal component being above the lower 1% quantiles of the self-identified African descents. The analytical results were then tested on the sub-sample of African genetic ancestry. All statistical procedures in this article were conducted in R software unless otherwise noted. In the supplementary material, we also tested the analytical results using the entire sample excluding participants with excess relatedness.
Genome-Wide Association Studies
Prior to the GWAS, as a standard practice [Mehta et al., 2016; Risacher et al., 2009; Shen et al., 2010] , each neuroimaging measure was adjusted by age, sex, intracranial volume (ICV), handedness, array of genotyping, and the first two principal components of the genotype data through linear regression. Two hundred and four separate GWAS scans corresponding to 204 adjusted neuroimaging measures were conducted to identify genome-wide significant SNPs. Linear regression was utilized for each scan, including the genetic variants as well as participants' age, sex and the first two principal components of the genotype data corresponding to population stratification. The P-value for each SNP effect was determined by the Wald test. A threshold of P < 1:12310 27 was considered for significance after Bonferroni correction, controlling for the total of 445,205 SNPs. A Manhattan plot and a quantile-quantile (QQ) plot were utilized to visualize the significant GWAS results.
Mediation Analyses
We conducted mediation analyses to determine the complex mechanisms that a SNP is associated with a psychiatric or cognitive phenotype through an intermediate imaging phenotype, which is also called an "endophenotype" [Gottesman and Gould, 2003; Meyer-Lindenberg and Weinberger, 2006 ]. Here we followed Baron and Kenny [1986] for mediation. Let y be a dependent variable which could be a psychiatric or cognitive phenotype, m a mediator which could be an intermediate imaging phenotype, x a genetic variant, and z i , i 5 1, 2, 3, vectors of covariates including intercept that control for the genetic effects. Here x and z i are also called the independent variables. If the following three criteria are satisfied, we say that y is associated with x, mediated through m, which provides a mechanism regarding how x has influence on y implicitly through m.
Step 1: We regress the mediator m against x and controlling for z 1 : m5b 10 z 1 1b 11 x1E 1 ; and the coefficient b 11 is significant (as defined below).
Step 2: We regress the outcome variable y against x and controlling for z 2 :
y5b 20 z 2 1b 21 x1E 2 and the coefficient b 21 is significant (as defined below).
Step 3: We regress the outcome variable y against both m and x, controlling for z 3 : y5b 30 z 3 1b 31 x1b 32 m1E 3 :
The coefficient b 32 is significant (as defined below), and jb 31 j < jb 21 j.
The mediation model is illustrated in Figure 1 : Here the product of b 11 and b 32 corresponds to the indirect effects as in processes (a) and (c), and b 31 represents the direct effect of x on y, as illustrated in process (b). The total effect b 21 is the summation of direct and indirect effects, which equals b 11 b 32 1b 31 , if all three regressions are conducted on the same sample. In addition to the three conditions above, we also require that the p-value of b 31 is greater than that of b 21 , representing that the total influence of x on y is partially explained by the indirect effect of x through m.
It can be seen that GWAS in the previous subsection represented step 1 of the mediation model. Hence, the significance level set for b 11 is 1:12310 27 as defined in the previous section. To perform the mediation analyses, we considered SNPs that were genome-wide significant in the GWAS. Bonferroni correction was conducted for both steps 2 and 3. In step 2, the significance level set for b 21 is 0:05=ðn traits Á n SNPs Þ, where n traits 5 104 is the number of traits and n SNPs is the number of significant SNPs identified in step 1. And in step 3, the significant level for b 32 is 0:05=n mech , where n mech is the number of phenotypeneuroimaging-SNP mechanisms that survives step 1 and 2 and has b 32 pass the 0.05 general significance level. Linear regression was utilized if the outcome variable in steps 2 and 3 was continuous or had more than two discrete values; logistic regression was utilized if the outcome variable was binary. Three normality tests were conducted for residuals of the neuroimaging measures that were fit against the identified SNPs, namely the Cramer-von Mises test, the Kolmogorov-Smirnov test, and the Pearson chisquare test [Thode, 2002] .
RESULTS
Genome-Wide Association Studies
GWAS scans were conducted for 204 adjusted neuroimaging measures. In Table I , we listed all pairs of SNPs and neuroimaging measures which had significant associations and reported their corresponding genes and P-values. Specifically, thirteen pairs of SNPs and neuroimaging measures were found significant, among which three associations pinpoint to the isthmus cingulate region, including both area and volume. Furthermore, we found that rs10494561 on chromosome 1 was significantly associated with superior frontal volume of the left hemisphere (n 5 452, P52:4310 28 ), and that rs2285351 on chromosome 3 (n 5 451, P53:7310 28 ) and rs8106164 on chromosome 19 (n 5 451, P51:0310 28 ) were significantly associated with 
Mediation Analyses
Mediation analyses were conducted for the thirteen pairs of SNPs and neuroimaging measures. In step 2, since 104 psychiatric and cognitive traits were included and 13 pairs of SNPs and neuroimaging measures were identified, the threshold for P-value was set to be P50:05=ð104313Þ53:70310 25 . Furthermore, in step 3, three phenotype-neuroimaging-SNP trios were declared and hence the threshold for P-value was set to be P50:05=351:67310 22 . Among the three trios, two satisfied all of the mediation conditions and were listed in Table III , for which the description of the traits was given in Table II GWAS were conducted through linearly regressing the superior frontal volume and the isthmus cingulate area of the left hemisphere against each SNP, controlling for age, sex and the first two principal components of the genotype data. QQ plots for the two GWAS were illustrated on the left and right panels. The observed P-values were plotted against the expected P-values, after a transformation of negative ten-based logarithm. The red straight lines had slope equal to 1. The genomic inflation factors were 1.013672 and 1.011903 for the left and the right panels, respectively. [Color figure can be viewed at wileyonlinelibrary.com] we found that rs10494561, which is located in the intron region of gene NMNAT2 on chromosome 1, was significantly associated with occupational functioning severity (n 5 449, P52:8310 26 ), which is considered a predrome of psychosis. Recall that rs10494561 was significantly associated with superior frontal volume of the left hemisphere. Furthermore, superior frontal volume of the left hemisphere was significantly associated with occupational functioning severity (n 5 449, P 5 0.01), controlling for rs10494561, age, sex, and the first two principal components of the genotype data. Then based on the mediation model, these three observations indicated that rs10494561 implicitly had influence on occupational functioning severity, mediated through the superior frontal volume of the left hemisphere. Similarly, we found that rs2285351, which is located in the intron region of gene IFT122 on chromosome 3, was associated with human spatial orientation through the isthmus cingulate area of the left hemisphere. GWAS were conducted through linearly regressing the superior frontal volume and the isthmus cingulate area of the left hemisphere of the left hemisphere against each SNP, controlling for age, sex, and the first two principal components of the genotype data. Manhattan plot for each of the two measures were illustrated in the top and the bottom panel, where the blue horizontal line represented the multiple-comparisons-corrected threshold of P51:12310 27 , and the red horizontal line represented the common threshold of P55310 28 .
r Mediation Analysis of Imaging Endo-Phenotypes r r 4093 r For the two complete mechanisms in Table III , residuals of the neuroimaging measure fit against the identified SNP were illustrated in Figure S2 in the Supporting Information material. Residuals from both regressions passed the three normality tests, that is, the Cramer-von Mises test (P 5 0.36 and 0.05), the Kolmogorov-Smirnov test (P 5 0.27 and 0.13), and the Pearson chi-square test (P 5 0.97 and 0.47).
In Table III , the total effect of each SNP was positive. That is, participants with a larger number of minor allele copies might have higher severity scales of occupational functioning or a longer response time for spatial processing. Furthermore, the direct effect of each SNP took account of a large proportion of the total effect. In other words, the SNPs' influence on psychiatric and cognitive traits were mostly direct than indirect. However, the indirect effect of SNPs on phenotypic traits, although small, rendered small P-values, which indicated nonignorably strong signals. Meanwhile, it can be seen that if we considered only the total effect as in the step 2 model, then the identified SNP rs10494561 could not be detected by the GWAS alone. Therefore, the proposed mediation analysis, through utilizing additional information from intermediate neuroimaging measures, was able to discover potential signals that were otherwise neglected. The two complete mechanisms were tested on the sub-sample of African genetic ancestry; however, none of them were significantly identified.
Another interesting finding was that rs8106164 on chromosome 19 had enhanced influence on working memory in the domain of executive-control, if mediated through the insula area of the right hemisphere. Specifically, rs8106164's effect on working memory was enhanced from b5412:12 with P55:64310 27 to b5465:17 with P54:293 10 28 when the insula area of the right hemisphere was included in the model. That is, we observed an improvement in both the magnitude and significance of the effect.
DISCUSSION
In this article, we presented genome-wide association studies of cognitive and psychiatric traits to investigate potential genetic heritability. Furthermore, we proposed to utilize mediation analyses to discover possible mechanisms where genetic variants may have influence on cognitive and psychiatric traits implicitly, that is, through intermediate neuroimaging phenotypes. Such implicit mechanisms may not be identified via GWAS alone. Two significant mechanisms were detected. Specifically, the SNP rs10494561, located in the intron region within NMNAT2, was found to be associated with the severity of the prodromal symptoms of psychosis implicitly, mediated through the volume of the left hemisphere of the superior frontal region (P52:38310 28 ). Another SNP rs2285351 was found in the intron region of the IFT122 gene that may be potentially associated with human spatial orientation ability through the area of the left hemisphere of the isthmuscingulate region (P53:70310 28 ). The gene NMNAT2 is known to be associated with brainstem degeneration, and produce cytoplasmic enzyme which is mainly expressed in the brain; while the mutation of the gene IFT122 is known to be the cause of a rare disease cranioectodermal dysplasia [Walczak-Sztulpa et al., 2010] .
One bottleneck of our analysis is that the sample size of the imaging data is quite limited. For example, in the PNC data, around 8,000 participants were included in clinical assessment and genotyping. However, among these participants, only 951 of them participated in neuroimaging scans. In general, acquiring and cleaning imaging data are more difficult and time-consuming than that of clinical and genetic data. Thus, lack of sample size is quite ubiquitous in many imaging genetics problems [Shen et al., 2010] . This imposes great challenges to the discovery of potential heritability. As included in the Supporting Information (Table S1) , we also analyzed a larger sample of 901 participants by relaxing the quality control criteria. However, merely increasing the sample size did not yield more significant results. One possible solution is to merge multiple cohorts and conduct meta-analyses [Hibar et al., 2015] . Meanwhile, other sources of intermediate phenotypes can be applied to bridge the gap between genetic variation and psychiatric traits, for example, traits measured in electrophysiology or neurobiochemistry. This is also a potential solution to the lack-of-sample problem.
One future direction is to develop an innovative statistical method which could incorporate participants who had only genotyping and clinical assessment. Borrowed from structural matrix completion and graphical modeling techniques, this calibration may enhance statistical power. In addition, European genetic ancestry entailed a small subset of samples especially when a strict quality-control procedure was applied (n 5 452 in this study). Thus, integrating samples from non-European genetic ancestry is also worth investigation, which may increase the number of qualified samples as well as shed light on the genetic heritability on neuroimaging traits from minority populations. Another future direction is to investigate the polygenic effects and gene-environment interactions through mediation. It is well known that certain psychiatric diseases may be influenced by multiple genetic variants simultaneously, although each genetic variant may contribute insignificantly [Meyer-Lindenberg and Weinberger, 2006] . However, implicit genetic mechanisms are not well understood where polygenic effects and gene-environment interactions have influence on psychiatric diseases or cognitive abilities indirectly through intermediate phenotypes. In addition, the mediation model utilized in this article, although intuitive, might not be able to accommodate complex polygenic effects and gene-environment interactions. Therefore, a more general and adaptive mediation model is urgently needed, such that a comprehensive mechanism can be presented which integrates genetic, environmental, and intermediate phenotypical information.
Although several problems are not fully addressed, this article demonstrates the potential capability of utilizing mediation analysis to bridge the gap between genetic variations and pathological behaviors. Meanwhile, our promising results illustrate that imaging genetics serves as a very important tool to the understanding of cognitive abilities and psychiatric disorders.
TABLE III. Mediation analysis to discover mechanisms
Step 1 Model
Step 2 Model
Step 3 Mediation analyses were conducted for each pair of SNP and neuroimaging measure with significant association. Two significant mechanisms were detected, where SNPs had influence on psychiatric or cognitive traits implicitly, mediated through neuroimaging measures. Note: The Step 1, 2, and 3 models correspond to the three steps of the mediation analysis in the main text. The description of each trait is listed in Table II . Mediators were neuroimaging measures whose names consisted of region of interest with hemisphere and measure included in the parenthesis. SNP Effect was the effect of the SNP on the mediator. Total Effect and Dir. Effect corresponded to the total and direct effect of the SNP on the trait, respectively, while M. Effect corresponded to the effect of the mediator. The product of the SNP Effect and the M. Effect represents the indirect effect of the SNP. Standard errors were provided in the parentheses beneath effects, P-values were provided in a separate column right to the corresponding effects.
